Electron-DNA anion collisions were studied using an electrostatic storage ring with a merging electron-beam technique. The rate of neutral particles emitted in collisions started to increase from definite threshold energies, which increased regularly with ion charges in steps of about 10 eV. These threshold energies were almost independent of the length and sequence of DNA, but depended strongly on the ion charges. Neutral particles came from breaks of DNAs, rather than electron detachment. The step of the threshold energy increase approximately agreed with the plasmon excitation energy. It is deduced that plasmon excitation is closely related to the reaction mechanism.
The interactions between DNA and photons or electrons are attracting much interest, related to our understanding of the elementary process, radiation damage, and radiation therapy. In photon-DNA collisions, a threshold of single-strand breaks was observed around 10 eV [1] . In electron-DNA collisions, single-and doublestrand breaks have been observed around 10 and 20 eV, which are deduced to be caused by rapid decays of transient molecular resonances localized on the DNA's basic components in the gas phase, or in homogeneous films [2] . On the other hand, it was shown that electrons at energies below the threshold for electron excitation (<3 eV) effectively decompose gas-phase uracil, generating a mobile hydrogen radical and the corresponding closed-shell uracil fragment anions [3] . There have also been many experiments on the collision induced dissociation (CID) of multiply charged DNA anions in gas targets [4] . In contrast to studies on electron-neutral DNA collisions and CID on DNA anions, little has been reported on electron-DNA anion collisions, probably due to a lack of experimental means. Moreover, the idea of the collective motion of electrons in the form of plasmon oscillations was not used to interpret the above-cited experiments, although the bulk plasmon concept has been long known to be relevant to DNA high-energy physics [5] [6] [7] [8] and DNA surface plasmons were studied and used widely for applications (cf., e.g., [9] ).
Recent progress in electrostatic storage rings has allowed the storage of biomolecular ions with long lifetimes and moderate beam intensities [10, 11] . Furthermore, by adding an electron target of the merging beam type [12, 13] , a new way of studying electronbiomolecular ion collisions in the gas phase was opened. In this Letter, we consider collisions between electrons and m-mer oligonucleotide anions (m: 2 -14) with charge states of n (n: 1-4).
Our experimental apparatus and procedures have been described previously [14] . Synthesized DNA oligomers were from Nippon EGT Co. Japan. The samples were dissolved in a water (50%) and methanol (50%) mixture with a biomolecule concentration of about 0.1 mM, and sprayed in an electronspray ion source (ESI). Deprotonated oligonucleotide anions emitted from the ESI were first stored in a linear ion trap for about 10 s, in order to increase the ion-beam intensities. Ions were then ejected as a bunch, and conveyed to an accelerator tube, where they were accelerated to 20 keV=charge. After being mass analyzed with a mass-resolving power of about 10 3 , ions were injected into an electrostatic storage ring [15] with a circumference of 8.1 m, as shown in Fig. 1 . The lifetimes of ions were about 15 s for singly charged anions and about 5 s for anions with a charge of 4 under a vacuum of 4 10 ÿ11 Torr. An electron beam with a current of 13 A and a diameter of 20 mm guided in a solenoid field of 30 G merged with an ion beam with a diameter of about 6 mm in a 20-cm long interaction region. The energy resolution was about 0.2 eV at an electron energy of 1 eV, which was dominated by a space-charge depression, although the longitudinal and transverse electron temperatures were lower due to an adiabatic expansion of the electron beam by a factor of 30. The space-charge depression decreased with an increase of the electron energy. The electron energies were variable from 1 to 100 eV. The actual electron energy (E e ) at an acceleration voltage of V a is given by the equation E e V a V 0 ÿ KI e = E e p , where I e is the electron current, and V 0 and K are constants at a fixed electron current. These constants were determined by measuring the rates of neutrals emitted from dissociative recombinations of H The neutral products were detected by a microchannel plate with a phosphor anode having a diameter of 77 mm installed in a vacuum extension 3 m downstream from the merging section (see Fig. 1 ). In order to deexcite vibrationally excited ions, they were first stored in the ring for a time of 0.5 s after injection, and then measurements were started. In order to discriminate ion-electron collisions from ion-residual gas collisions, the electron beam was chopped at a time width of 0.25 s. As the ion beam intensities decreased with time, ions were dumped and refilled in the ring every 10.5 s. The rate coefficient at an ion velocity of v i and an electron density of e is given by
where v r is the relative velocity, N i is the number of ions, L is the interaction length, and " is the detection efficiency. N and N BG are the number of neutrals with and without an electron beam, respectively. The relative rate coefficients were extracted assuming N i / N BG and neglecting the efficiency. The results of the measurements are shown in Fig. 2 on 2 -14 mer DNAs with charge states of 1-4. The length and sequence of DNAs were chosen arbitrarily. In Fig. 2 , with an increase in the charge state, longer DNAs were adopted, because charge states at a given DNA distribute over a range, and the charge state with the highest ion intensities shifts to higher values with an increase in the length of DNA. In order to study the dependence of the threshold energies on the length and sequence of DNA, measurements were performed on DNAs with the same charge, but having a different length and sequence. As can be seen in the figure, the threshold energies are almost independent of the length and the sequence, but depend strongly on the charge state. They increase regularly with charge at an interval of about 10 eV, although the thresholds become obscure with an increase in the charge state.
There are two possibilities for neutral particle production: One is electron detachment, resulting in neutralization; the other is cleavage of molecules, including strand breaks, resulting in the emission of neutral fragments. In order to study the probabilities of these processes qualitatively, we measured the number of neutrals arriving 
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simultaneously at the detector with a two-dimensional imaging technique [16] using a charge-coupled device camera. Measurements were performed with a position resolution of about 0.2 mm and a time window of about 20 s. The number of neutrals was measured for a singly charged 2-mer [sequence: d(TG)] anion, with electron beams having relative energies of 4 and 35 eV which are below and above the threshold, respectively (see Fig. 2 ). The average number of neutrals simultaneously arriving at the detector clearly increases at 35 eV compared with at 4 eV, although quantitative estimation is hard due to the lack of information on the detection efficiency of the microchannel plate and also due to the difficulty in removing the contribution from residual gas from the two-dimensional imaging data. This means that neutrals emitted at energies higher than the threshold energies come mainly from breaks of oligonucleotides, rather than electron detachment.
Earlier, it was speculated [6 -8] that, when DNA is subject to direct hits by high-energy particles, collective electron excitations in the form of bulk plasmons could act as the first stage of the DNA response, triggering a succession of events, leading at last to DNA strand breaks. To support this idea, some work [6 -8] adopted the conventional solid-state viewpoint, and took into account only all of the valence electrons of the DNA bases. However, in our experimental setup, high-energy electrons hit separate DNA oligomer anions. Hence, we consider instead that all of the valence electrons of a separate finite oligonucleotide anion (bases and phosphate backbone) are involved in the response to electron hits by exhibiting plasmonlike oscillations. In order to study the possibility of bulk plasmon excitation, we calculated the energy needed to excite one plasmon, given by
where n V is the electron density, and e and m are the electron charge and mass, respectively. The n V is given by the number of valence electrons divided by the volume of the oligonucleotide, which was calculated based on the Voronoi procedure implemented in a computer program of PROVE by Pontius et al. [17] and slightly modified by us. .5 eV, respectively. Thus, the calculated plasmon energies gradually increase with the length, and saturate. Moreover, the calculated plasmon energies are also slightly dependent on the sequence. For example, the energy for 6-mer DNA with a sequence of d(GGGGGG) is 10.2 eV. Interestingly, the experimental threshold energies approximately agree with the corresponding plasmon energies multiplied by an integer number equal to the value of the corresponding oligonucleotide ion charge. In other words, high-energy electron hits seem to simultaneously excite a larger number of plasmon quanta, the higher being the DNA oligomer anion charge. This might bear a deep biological significance in explaining the physical mechanisms of DNA resistance in regard to a singular hit by a high-energy particle. However, the detailed mechanisms of this phenomenon are still unclear. Finally, a very recent publication [18] should be noted which deals with low-energy electron diffraction and resonances in DNA. An interesting model based upon R-matrix scattering theory is proposed there to explain the relevant experimental results. However, we cannot immediately apply this model to our data, since our electron energy range extends up to 100 eV.
In conclusion, this Letter reports on a marked regular threshold energy increase in electron-oligonucleotide anion collisions. Apparently, more work is required before satisfying explanations can be given for this simple phenomenon. We hope that these results will help to stimulate further research both experimentally and theoretically.
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